We investigate the magneto-optical properties of a nanostructured metamaterial comprised of arrays of nickel nanorods embedded in an anodized aluminum oxide template. The rods are grown using a self-assembly bottom-up technique that provides a uniform, quasi-hexagonal array over a large area, quickly and at low cost. The tuneability of the magneto-optic response of the material is investigated by varying the nanorod dimensions: diameter, length and inter-rod spacing as well as the overall thickness of the template. It is demonstrated that the system acts as a sub-wavelength light trap with enhanced magneto-optical properties occurring at reflectivity minima corresponding to photonic resonances of the metamaterial. Changes in dimensions of the nickel rods on the order of tens of nanometers cause a spectral blue-shift in the peak magneto-optical response of 270 nm in the visible range. A plasmonic enhancement is also observed at lower wavelengths, which becomes increasingly damped with larger diameters and increased volume fraction of nickel inclusions. This type of structure has potential applications in high density magneto-optical data storage (up to 10 11-12 rods per square inch), ultrafast magneto-plasmonic switching and optical components for telecommunications.
Introduction
Metamaterials are artificially constructed materials with enhanced and unique properties that are not seen in nature such as negative index of refraction [1, 2] or epsilon-near-zero (ENZ) [3] . These new materials are already being utilised in both existing and emerging technologies, such as in superlensing [2] and cloaking devices [4] , optical microscopy [5] , photonic circuits [6, 7] and microwave antennas [8] . In order to achieve effects different from those naturally occurring in materials, functional inclusions, or meta-atoms, of sub wavelength dimensions are used to manipulate incident EM radiation in a desired manner. Metallic nanorods demonstrate a range of interesting properties different from those of their bulk counterparts and metamaterials consisting of magnetic nanorods embedded in a host dielectric enable tailoring of both the optical and ferromagnetic response.
Magnetic nanostructures are of high technological importance in their own right. They are finding applications in high-density data storage [9] [10] [11] , giant magnetoresistance sensors [12, 13] , biomagnetic [14, 15] and medical devices [16] , high frequency devices such as microstrip circulators [17] and for tuneable planar microwave integrated circuits [18] . Nowadays there are several techniques for fabricating nanostructures. Some of the more utilized methods include nanolithography [19] , self-assembly of colloids using chemical reduction methods [20] [21] [22] and electrodeposition into the voids of a nanoporous material such as anodized aluminum oxide (AAO) [23] [24] [25] or track-etched polymer membranes [12, 18, 26] . Nanolithography can be used to create arrays of novel shapes such as triangles [27] , cones [28, 29] or split-rings [1] . Electrodeposition into AAO templates is a self-assembly technique, capable of creating large scale arrays of uniform nanowires [30] .
The magnetic properties of nickel nanowires have mostly been studied in systems that involve an extremely high aspect ratio array of wires (several microns in length), prepared using high purity Aluminum (Al) foils [31] [32] [33] . There have also been previous studies that examined the properties of nickel nanowires with aspect ratios as low as 10 to 20 [23] . Below this however, there is a gap in the research until we reach the realm of the nanodiscs with aspect ratios less than one. These structures also show interesting properties. For example, it has been demonstrated that localized surface plasmons (LSPs) can be exploited to achieve a controlled manipulation of the magneto-optical (MO) response of pure nickel nanodiscs [19] . This could potentially lead to faster more efficient high-density magneto-optical storage drives, with the possibility of circularly-polarized light being used to induce magnetization via the inverse Faraday effect [34, 35] .
In this work, we bridge the gap between long magnetic nanowires, prepared by electrodeposition, and nanodiscs prepared by e-beam lithography. We demonstrate a large enhancement of magneto-optical response of nickel nanorods with a significant reduction in the aspect ratio (<5) from those previously reported. These metamaterials are effectively high quality optical films demonstrating enhanced magneto-optics in a sub wavelength slab of material. In general, the electromagnetic response of these nanostructured metamaterials can be expressed in terms of homogenized material parameters with uniaxial anisotropy, and can be modeled as such using effective medium theory.
Experimental
Magnetron sputtering was used to deposit a thin film multilayer of Ta 2 O 5 , Au and Al onto a clean glass substrate. The aluminum is anodized in a 1°C bath of 0.3 M sulfuric acid at 35 V to create a quasi-hexagonal lattice of nano-porous AAO. The template is then etched in aqueous NaOH to remove the boundary layer which forms at the bottom of the pores. Nickel is electrodeposited into the pores at −1.1 V from a 200 mM, 2.5 pH. nickel sulfate (NiSO 4 (H 2 O) 6 ) solution. The transparency of the underlayers and AAO at optical wavelength allows us to measure the drop in transmission in-situ and control the length of the wires. Longer etching times increase the pores diameter and also lead to shorter wires in our particular set-up, as the samples were prepared on a single substrate and electrodeposited at the same time. Etching in NaOH not only removes AAO from the pore walls but also from the top surface resulting in a thinning of the template for longer etching times. The inter-pore spacing, however, is exclusively determined by the anodizing voltage; for example, 35 V results in a spacing period of 85 nm.
The magneto-optical measurements were all taken in the polar Kerr configuration at normal incidence (less than 3 degrees) using a white light source and monochromator. The field strength is 0.8 T and the wavelength range is 400-880 nm.
Tuning the geometry Six different samples were fabricated for this study by electrodeposition of nickel into a porous AAO template. A high degree of tuneability is possible in such metamaterials via control of the nanorod dimensions and inter-rod spacing by varying the deposition conditions. Figure 1 (a) shows a schematic of the growth process and highlights the tuneable parameters. The inter-rod spacing can be tuned, between 50 nm and 90 nm, by varying the anodizing voltage. The rod diameter can range from 20 nm to 70 nm depending on how long the alumina is chemically etched. The rod length can be anywhere up to the thickness of the AAO, which is a sputtered film and can be any thickness we require. A full description of the tuneability intrinsic to this fabrication process can be found in [36] .
The nanorod geometries chosen for this study are illustrated in figure 1(c). The geometries were obtained via direct measurement on individual rods with the AAO completely removed. Figure 1 (b) is an example of a scanning electron micrograph (SEM) from which the measurements are taken. The impression of the rods falling into directions non-perpendicular to the substrate is misleading as all optical measurements are taken with the AAO template in place. This happens as a result of capillary effects during the drying procedure [37] . The template provides structural stability and keeps the rods fully separated and perpendicular to the substrate. The diameter of the nanorods across the six samples increases from 33 nm to 56 nm, and the average length decreases from 160 nm to 100 nm, giving a change in aspect ratio of 4.9 down to 1.8. However, the center to center spacing is kept constant for all samples, so as diameter increases the separation between adjacent rods is reduced. 
Experimental results
The dramatic effects of a metamaterial can be highlighted with the test structure shown in figure 2 . A separate sample (grown as described above) was deliberately overgrown until it formed an optically opaque continuous film along the top of the pores to be used as reference for electrodeposited nickel, figure 2(a). Figure 2 (b) shows the Kerr rotation as low valued and featureless across the spectral range when measured from the nickel side, referred to as from the front. However, when measured through the glass (from the back), peaks around 450 nm and 700 nm arise due to the nanostructured geometry. Upon entering the structure through the glass substrate the light experiences multiple internal reflections in the vicinity of the ferromagnetic material. Due to the local time reversal symmetry breaking of the magneto-optical effect, each internal reflection causes a further enhancement of the Kerr rotation at specific wavelengths. When examined from the front, light in this wavelength range cannot penetrate the thick film of nickel to enter the resonance cavity and thus does not provide any MO enhancement. The thick electrodeposited film is equivalent to the polar Kerr rotation at normal incidence in bulk Ni and a similar result is also seen for a thick sputtered film.
For the main sample set, as described in figure 1 , we have a two layer composite structure. The bottom layer consists of nickel inclusions in an AAO template and the top layer is AAO with air inclusions. The thin underlayers of gold and tantalum oxide are optically transparent and magneto-optically inactive. Within the template the rods are grown no higher than 40% of the way up the pores of the AAO providing a relatively thick, but influential, layer of nonmagnetic material on top. It was found that fully etching a sample after wire growth and removing the AAO template entirely, results in a significant reduction and loss of features in the magneto-optical response. This indicates that the presence of air inclusion layer, and the AAO, strongly influence the optical environment and play an important role in the resonant MO response. Figure 3 shows a spectroscopic scan of Kerr rotation and ellipticity for sample 1 together with the reflectivity. The plasmonic peak around 450 nm has been previously observed for nickel nanostructures when the dimensions are very much smaller than the wavelength [38] . In our nanorod arrays this feature becomes quickly damped with increasing diameter. This is due to increased interaction of the rods, and for the thicker ones which are very close together, this plasmonic effect is gone. All ferromagnetic metals exhibit high damping of their plasmonic resonance owing to the large imaginary part of their dielectric function and high optical absorption over a broad range. Nanostructuring allows access to plasmonic modes but in our sample set, as the gap between rods is reduced, they behave more and more like a thin film and loss components dominate. The second peak at ∼750 nm corresponds to the Fabry-Perot resonance determined by the effective optical parameters of the metamaterial, in this case layer thicknesses [39] . This photonic peak is more easily tuned due to the high degree of freedom when varying the thickness of the thin film template and lengths of the rods. On the other hand, the plasmonic resonance is fixed due to the relatively limited fabrication range for the diameter of the rods.
Crucially, the ellipticity at the point of maximum rotation is zero. This means our structure produces a pure, magneto-optically induced, rotation of the incident linear polarization state on reflection. This results in the highest possible signal to noise ratio for the amount of reflection, and could only be improved upon as reflection approaches zero [40] . Figure 4 shows Kerr rotation vs wavelength and displays the evolution of the photonic MO peak as the overall thickness of the metamaterial and the dimensions of the rods are changed. The plasmonic peak has been removed from this graph for clarity. A blue shift is observed across the sample range, accompanied with a drop in magnitude. The blue shift and damping of the photonic peak is a result of changing the layer thicknesses. As the combined thickness of the two layers is reduced the resonant wavelength becomes shorter. As the thickness of the nickel inclusion layer is reduced further, relative to the thickness of the air inclusion layer, the magnetooptic response becomes damped. Increased rod interaction and the progression of the nickel layer to become more like a thin film also contributes to the observed damping of the photonic peak.
Simulated results
Effective medium theory was used to further investigate the three competing dynamics at play: changing the diameter of the pores, changing the length of the rods, and changing the total thickness of the sample, and determine the effect of these parameters. Figures 5(a)-(c) show the effect of varying diameter, length and total thickness respectively, independently from the others. It should be noted that for every sample the peak in MO corresponds to a dip in reflectivity. This is an expected feature of a Fabry-Perot resonator and it is reflectivity that has been modeled. The program was run with two effective medium layers. The first layer has an effective permittivity of the nickel ellipsoids embedded in AAO, including imaginary components, and the second layer is air inclusions in the AAO. The values for the permittivity of nickel used in the simulations were taken from literature [41] . The extremely thin underlayers of gold and tantalum were not included in the simulations. Looking first at the plasmonic peak, around 400-450 nm. Experimentally the plasmonic peak is only observed for the thinnest rods. As the spacing between adjacent rods is reduced there is increased interaction and damping of the plasmonic mode. This trend is not shown by effective medium theory, which, for these dimensions, can only be considered a first order approximation. Figure 5(a) does show, however, the expected spectral location of the reflectivity minima, and that varying the diameter has no effect on the tuneable photonic resonance.
The evolution of the photonic peak is shown in figure 4 to shift from 750 nm to 480 nm. As shown in figure 5(b) , this blue shift arises as a result of decreasing the length of the nanorods. A shift of over 100 nm is observed from the simulations with only a change in length of 40 nm. This demonstrates the sensitivity of the resonance to the thickness of the ferromagnetic layer within our two layer composite metamaterial. A broadening of the photonic peak can also be seen which matches nicely with the damping effects observed in the experimental samples. Reducing the overall thickness of the AAO also contributes to the changing position of the resonance. The values of changing layer thickness in figure 5(c) have been exaggerated for clarity but the blue shift is clear. In our sample set, the thickness of the AAO template is only reduced by 10-15 nm across the range, but when taken in combination, it is enough to amplify the effect of reducing the rod length. The trends observed in figure 5 are a good indication of how the properties change as one contributing factor is altered at a time and are useful for analysis. We now analyze, in detail, the actual sample set. As a first approach, we considered the geometrical parameters of the structure extracted from SEM images and fine-tuned their value to match the simulations to our measurements. The reflectivity vs wavelength is displayed in figure 6 , along with the measured MO spectrum. The measured curves were obtained at normal incidence using a reflection probe, and divided by the spectrum of an optically opaque sputtered nickel film to obtain reflectivity rather than reflectance. It clearly shows that the spectral locations of the calculated reflectivity minima line up extremely well with the measured response. It also demonstrates that the peak MO response closely corresponds to the reflectivity minima. 
Magnetic measurements
To complete our analysis, we investigate the magnetic response by acquiring magnetic measurements using vibration sample magnetometry (VSM), both in-plane (perpendicular to the rod long axis) and out-of-plane (parallel to the rod long axis). The results in figure 7 show that as a general trend for all thicknesses, the easy axis of magnetization is in-plane. Along the rod axis the field required for saturation increases with the rod diameter from 4500 to 5700 Oe, whereas from the inset we can see that the in-plane saturation requires less than 150 Oe. The observed reduction in coercivity with increasing diameter in an in-plane setting is to be expected as the reduced gap causes an increased interaction between the rods and the samples behave more and more like a thin film, with the easy axis firmly in-plane. It is this same attribute that results in the damping of the MO modes. For these measurements the air-inclusion layer has no bearing.
The VSM results have confirmed that 0.8 T is more than enough to saturate the samples in any direction-the field used for the MO measurements.
Conclusion
We have investigated the MO properties of a nickel based metamaterial fabricated by a simple growth technique, and studied the effect of the geometric parameters on the MO response. We demonstrated that the fabrication technique allows us to have accurate control over the dimensions of the nanorods and hence control and tune the properties in the visible regime.
It was found that the samples behaved as sub-wavelength optical cavities with plasmonic and Fabry-Perot type dips in reflectivity at shifting wavelengths depending on the geometry. As the aspect ratio of the nickel rods in the metamaterial was decreased the wavelength(s) at which the magneto-optical Kerr effect was at a maximum blue-shifted and showed a decrease in magnitude.
The behavior and coupling of both optical and magneto-optical properties have been demonstrated and modeled using effective medium theory. Due to the dimensions of the rods Figure 7 . VSM measurements showing the in-plane (perpendicular to the rod long axis) and out-of-plane (parallel to the rod long axis) magnetic moments for two representative samples; 1 and 6. The inset shows a close up of the magnetic moment in an in-plane setting showing that the easy axis of magnetization is strongly in plane for all samples, while the coercivity is shown to reduce further with increasing rod diameter as the sample behaves more like a continuous film. and the sharpness of the MO peak, this nanostructured metamaterial is seen as having great potential for use in devices such as magneto-optical isolators and modulators and for extremely fast, high density magneto-optical storage drives.
